Assembly of infectious human immunodeficiency virus type 1 (HIV-1) proceeds in two steps. Initially, an immature virus with a spherical capsid shell consisting of uncleaved Gag polyproteins is formed. Extracellular proteolytic maturation causes rearrangement of the inner virion structure, leading to the conical capsid of the infectious virus. Using an in vitro assembly system, we show that the same HIV-1 Gag-derived protein can form spherical particles, virtually indistinguishable from immature HIV-1 capsids, as well as tubular or conical particles, resembling the mature core. The assembly phenotype could be correlated with differential binding of the protein to monoclonal antibodies recognizing epitopes in the HIV-1 capsid protein (CA), suggesting distinct conformations of this domain. Only tubular and conical particles were observed when the protein lacked spacer peptide SP1 at the C-terminus of CA, indicating that SP1 may act as a molecular switch, whose presence determines spherical capsid formation, while its cleavage leads to maturation.
Introduction
Virus particles are highly organized assemblies built to package and protect the viral genome, to facilitate entry into the host cell, and to control release and activation of the genome early in infection. Owing to their limited coding capacity, viruses have evolved strategies of genetic economy and in many cases encode only a single structural protein, forming the capsid shell. Consequently, viral capsid assembly and maturation are tightly controlled processes following an ordered multi-step pathway. A simple and efficient way to regulate the properties of the protein shell is the controlled conformational transition of capsomer subunits. Subtle differences of individual protomers and temporally regulated structural alterations can act as molecular switches to determine the morphology of the assembling particle and to promote rearrangements in capsid architecture, thereby stabilizing or destabilizing the particle in an ordered fashion. Studies on icosahedral capsids have shown that conformational flexibility is indeed required to form a complex structure from chemically identical subunits, and coat proteins must adopt distinct conformations to allow for geometrically different interactions with neighboring subunits (reviewed by Johnson and Speir, 1997) . Usually, the core of the protein is stable and variability is accomplished by alteration of flexible regions often located near the N-or C-terminus of the protein. In the case of polyoma viruses, a long C-terminal arm emerges at different angles from the coat protein and acts as a flexible connector, resulting in different geometries of intersubunit contacts (Liddington et al., 1991) . This allows the formation of icosahedral particles of various sizes as well as tubular particles from the same pentameric building block. A structurally well characterized example for temporal conformational changes of a viral shell protein is the maturation of phage P22 from empty procapsids into stable capsids. This involves a large hinge movement between coat protein domains resulting in the linkage of neighboring capsomers (Prasad et al., 1993; Prevelige et al., 1993) .
The protective shells of retroviruses like human immunodeficiency virus type 1 (HIV-1) are more complex than icosahedral capsids, but it seems likely that similar principles of conformational control also apply in this case. Mature HIV-1 particles contain their genome as a condensed ribonucleoprotein (RNP) core encased in a proteinaceous cone-shaped capsid shell and surrounded by a lipid bilayer derived from the host cell (Nermut and Hockley, 1996) . Initially, they are released as immature particles containing a spherical shell of structural polyproteins (Gag) underneath the virion membrane. Gag alone is capable of organizing the formation and release of virus-like particles (Gheysen et al., 1989) . Cryo-electron microscopy (EM) analysis of HIV-1 and murine leukemia virus particles revealed that immature capsids do not display icosahedral symmetry, but Gag molecules are arranged with local order in spherical assemblies (Fuller et al., 1997; Yeager et al., 1998) . Virions subsequently undergo a proteolytic maturation step, which is essential for infectivity and leads to condensation of the inner core and capsid shell. Maturation probably serves to convert the stable immature capsid shell into a metastable mature core, ready for uncoating. Thereby, it switches the virion from an 'assembly mode' to a 'disassembly mode'. Mutational analysis indicated that HIV-1 maturation follows an ordered pathway of sequential cleavages, controlled by the rate of proteolysis at individual sites (Wiegers et al., 1998) . The HIV-1 Gag polyprotein is cleaved by the virusencoded proteinase (PR) into the functional products matrix (MA), which lines the inner face of the membrane, capsid (CA), which forms the cone-shaped capsid shell, nucleocapsid (NC), which binds and condenses the viral genome, and p6, which is involved in virion release (Figure 1 ). Two short spacer peptides SP1 and SP2 separate (B) Coomassie Blue-stained SDS-polyacrylamide gel representing purification of ΔMA-CA-NC-SP2. Lanes: 1, lysate of induced bacteria; 2 and 3, soluble and insoluble material after centrifugation at intermediate speed; 4, material after ammonium sulfate precipitation and anion exchange chromatography; 5, purified protein after cation exchange chromatography. The protein migrating slightly faster than ΔMA-CA-NC-SP2 corresponds to a C-terminally truncated form that is probably cleaved in the NC domain by a bacterial protease. Molecular mass standards (in kDa) are indicated on the left, the position of ΔMA-CA-NC-SP2 is marked on the right. the CA and NC and the NC and p6 domains, respectively, and are also released by proteolytic cleavages (Henderson et al., 1990) .
The determination of three-dimensional structures of individual domains of the HIV-1 Gag protein (Massiah et al., 1994; Matthews et al., 1995; Gitti et al., 1996; Momany et al., 1996; Gamble et al., 1997; De Guzman et al., 1998; Berthet-Colominas et al., 1999) led to a better understanding of functionally important features of these proteins, but did not elucidate the structural principles governing particle assembly and maturation. A high resolution structure of assembled particles, defining important intermolecular interactions, is not available to date. With the aim of characterizing the formation, maturation and architecture of HIV particles in greater detail, we and others have applied in vitro assembly systems using purified HIV-1 Gag-derived proteins. These studies demonstrated that the CA domain alone or attached to the nucleic acid binding NC domain produces tubular particles with helical symmetry, resembling the mature capsid (Campbell and Vogt, 1995; Gross et al., 1997; von Schwedler et al., 1998; Ganser et al., 1999) . Addition of as little as four amino acids to the N-terminus of CA abolished tube formation and some N-terminally extended versions arranged to spherical particles of heterogeneous size in the in vitro system (Gross et al., 1998; von Schwedler et al., 1998; Campbell and Rein, 1999) . However, none of these in vitro assembled particles truly resembled the immature HIV virion.
The observation that tube formation is prevented by N-terminal extensions of CA led to the proposition that HIV-1 capsid maturation is induced by proteolytic cleavage between MA and CA, allowing the N-terminus of CA to refold into a β-hairpin structure, hypothesized to be part of a CA-CA interface characteristic of the mature particle (von Schwedler et al., 1998) . On the other hand, mutational analyses in the context of the virus indicated that proteolytic liberation of the CA C-terminus from the adjacent SP1 region is also important for particle maturation. Based on molecular modeling, the C-terminus of CA and adjacent SP1 residues have been proposed to form a continuous α-helix (Accola et al., 1998) , while this region was disordered in the structures of CA determined to date (Gamble et al., 1996; Berthet-Colominas et al., 1999; Worthylake et al., 1999 ). It appears likely, however, that this region and its non-covalent interactions with other parts of CA or Gag play an important role in determining capsid shape and in regulating maturation.
Forming HIV-1 Gag-derived particles with 'mature' and 'immature' morphology in vitro would offer an opportunity to determine whether the morphology of these particles can be correlated to distinct conformational differences in the CA domain, which would probably reflect alterations occurring during maturation. Whereas in the virion the breaking of interdomain interactions and the liberation of new N-and C-terminal residues by proteolytic separation of Gag domains is most likely to be the reason for conformational transitions, in vitro, changes in assay conditions may have the same effect. Here, we show that in an in vitro assembly system, the same HIV-1 Gag-derived protein can form spherical particles, virtually indistinguishable from immature HIV-1 capsids, as well as tubular or conical particles, resembling the mature core. This switch of assembly phenotype could be correlated with differential binding of the protein to monoclonal antibodies (mAbs), suggesting conformational transitions in the CA domain. A similar protein lacking SP1, on the other hand, only assembled into short tubes and cones.
Results
In vitro assembly of ΔMA-CA-NC-SP2 yields spherical particles closely resembling immature HIV-1 cores Previously, we had shown that a large deletion removing the globular part of the HIV-1 MA domain (ΔMA) in the context of an infectious proviral clone alters the budding site of the virus, but does not detectably change the morphology of resulting virions (Fäcke et al., 1993) . In vitro assembly of an HIV-1 Gag-derived protein containing the MA and CA domains with the same deletion from amino acid 16 to 99 of MA (ΔMA-CA), on the other hand, yielded spherical particles of variable size but considerably smaller than authentic immature HIV-1 cores (Gross et al., 1998) . In order to analyze whether the presence of additional segments of HIV-1 Gag makes in vitro assembled particles more akin to immature cores, we constructed the bacterial expression plasmid pET ΔMA-CA-NC-SP2, which encodes an HIV-1 Gag-derived protein lacking amino acids 16-99 of MA and the C-terminal p6 domain ( Figure 1A ). The specific product accumulated to~10% of total bacterial protein following induction of Escherichia coli BL21 DE3 cells ( Figure 1B , lane 1), and was purified by differential ammonium sulfate precipitation and cation exchange chromatography ( Figure 1B ). Approximately 2-5 mg of recombinant protein at Ͼ90% purity were obtained per liter of induced bacterial culture ( Figure 1B, lane 5) .
In vitro assembly was performed by dialysis of ΔMA-CA-NC-SP2 (2 mg/ml) for 2 h against pH 8.0 buffer containing 0.1 M salt in the presence of a 73mer oligodeoxynucleotide. Previously, it had been shown that singlestranded DNA oligonucleotides can substitute for RNA in in vitro assembly experiments (Campbell and Rein, 1999) . Assembly products were analyzed by negative stain EM, revealing spherical structures of regular morphology with a homogeneous size distribution as well as amorphous protein aggregates (data not shown). In an attempt to remove aggregates and enrich for spherical particles, we performed consecutive centrifugation in the microcentrifuge for 5 and 60 min. Unexpectedly, virtually all spheres were found in the pellet fraction after 5 min centrifugation, most likely due to their reversible aggregation. These particles were very regular in size and morphology with an external diameter of 90 nm (Ϯ5 nm) and a wall thickness of 15 nm on negative stain EM (Figure 2A and B). Most particles were not completely closed but contained a small gap (Figure 2A ). Approximately 30% of the ΔMA-CA-NC-SP2 protein used for in vitro assembly was found in the particle fraction. Subsequent centrifugation of the supernatant for 60 min led to sedimentation of a further 30% of input protein, but virtually no regular particles were detected in this fraction or in the remaining supernatant (data not shown).
Thin section EM analysis of spherical particles confirmed their regularity and homogeneous size distribution with an external diameter of 80-85 nm ( Figure 2C ). The size difference compared with negatively stained specimens is probably due to shrinkage during fixation and dehydration. The in vitro assembled particles closely resembled immature HIV-1 virions produced from an infected T-cell line in the presence of an inhibitor of HIV-1 PR ( Figure 2E ). Stereo images of ΔMA-CA-NC-SP2 particles revealed hollow spheres that were not collapsed but retained their three-dimensional architecture (Figure 2C and D) . Particles shown in the stereo image were sectioned either through the concave (particle 1) or convex cap (particle 2) or through the center of the sphere (particle 3), the latter yielding the typical electron-dense ring structure ( Figure 2C and D).
Similar results were obtained when single-stranded oligodeoxynucleotides of 92, 73, 55 or 31 nucleotides and of different sequence were applied. The efficiency of in vitro assembly was reduced for a 16mer oligodeoxynucleotide and no spheres were detected when a 12mer was used (data not shown). In vitro assembly was optimal at molar ratios of protein:nucleic acid (73mer) between 5:1 and 16:1, with both higher and lower concentrations of oligodeoxynucleotide leading to gradual loss of assembly. Performing the reaction in the presence of total E.coli RNA or of the long single-stranded DNA of bacteriophage M13 (6400 nucleotides) yielded assembly of protein aggregates and incomplete particles (data not shown). Most likely, multiple particles were nucleated on a single molecule of nucleic acid. A similar assembly mode has been suggested previously (Fuller et al., 1997) . In vitro assembly was optimal at a protein concentration of 1-2 mg/ml, but sphere formation could still be detected at a concentration of 0.1 mg/ml (data not shown).
Cryo-electron microscopy analysis of in vitro assembled spheres
For a detailed comparison of the fine structure of in vitro assembled ΔMA-CA-NC-SP2 particles and immature HIV-1 virions or virus-like particles, we performed cryo-EM on assembly products, obtained by dialysis against pH 8.0 buffer in the presence of a 73mer oligodeoxynucleo-tide. Cryo-EM avoids fixatives, dehydration and contrasting agents, and permits analysis of the native particle. Defocus phase contrast allows visualization of the unstained structure and reveals the entire sphere in projection. Figure 3A shows three in vitro assembled ΔMA-CA-NC-SP2 particles at high magnification (upper two and lower right panels), revealing their substructure. Lateral interactions of proteins in the assembled sphere result in the formation of two protein layers that are separated from each other by a thin space. The protein layer at lower radial position appears darker, presumably due to the presence of nucleic acid at this position. The protein layer at higher radial position is composed of subunits with a rod-like shape, and corresponds to the CA-derived protein layer of immature virions (Fuller et al., 1997; Wilk and Fuller, 1999) . A remarkably similar arrangement of protein layers is found in virus-like particles obtained after baculovirus-mediated expression of the Gag polyprotein in insect cells ( Figure 3A , left lower panel) and in immature HIV-1 (not shown). In contrast to the in vitro assembly products, virus-like particles are enveloped by the viral membrane, and the inner leaflet of this membrane is tightly associated with the MA domain of the Gag polyprotein.
The radial arrangement of protein layers in immature HIV-1 and in vitro assembled ΔMA-CA-NC-SP2-derived particles is analyzed in detail in Figure 3B . We have used a Fourier-Bessel method to determine the radial density distribution in spherical particles and generated a threedimensional radial density profile (Fuller et al., 1997) . The average radial density profile of 10 in vitro assembled particles is shown in the upper panel. The comparison with the average radial density profile of 10 immature HIV-1 particles obtained from a T-cell line infected in the presence of an inhibitor of HIV-1 PR (lower panel) demonstrates the strikingly similar organization of the two types of particles. Major differences are only found at high radial position, indicating the presence of the viral membrane in the immature virion. Protein layers are formed by lateral interactions of individual domains, where each domain is separated from the neighboring domain by regions of low density. The layer at lowest radial position is assigned to the NC domain; the neighboring layer at higher radius, corresponding to a double peak, is formed by the CA domain ( Figure 3B ; Fuller et al., 1997; Wilk and Fuller, 1999) . Figure 3C shows a comparison between the diameters of in vitro assembled particles and immature HIV-1 virions. In vitro assembled ΔMA-CA-NC-SP2-derived particles exhibited a narrow size distribution with an average diameter of 113.7 nm (Ϯ6 nm), while immature virions had a mean diameter of 134.2 nm (Ϯ15 nm). This size difference of~20 nm is mainly due to the lack of the membrane and MA layers in the case of in vitro assembly products, which contribute~10 nm on each side. The similarity in size and radial organization is further supported by the observation that the CA layer, which is shared in both types of particles, is at a radial position of 58.3 nm (Ϯ7.5 nm) in immature virus-like particles and at a radial position of 55.8 nm (Ϯ3.5 nm) in the case of in vitro assembled particles. The in vitro assembled particles appeared more regular than virions or virus-like particles and this may reflect the different length of nucleic acid incorporated into the respective particles.
The morphology of in vitro assembly products is dependent on pH
Previous experiments had shown that neutral to slightly alkaline pH is optimal for in vitro assembly of regular structures from HIV-1-derived proteins (Campbell and Vogt, 1995; Gross et al., 1997) , while slightly acidic pH was optimal for Rous sarcoma virus-derived proteins (Campbell and Vogt, 1995) . We tested the influence of pH on in vitro assembly of ΔMA-CA-NC-SP2 and analyzed the products by negative staining and cryo-EM. Remarkably, dialysis against pH 6.0 buffer abolished sphere assembly and led to efficient formation of hollow tubular particles, which were often closed at one or both ends ( Figure 4C and D) . Besides tubes, cone-shaped particles resembling the mature HIV-1 core were also produced at this pH ( Figure 4C , asterisk). The cylinders were similar to the in vitro assembly products of HIV-1 CA and CA-NC (Campbell and Vogt, 1995; Gross et al., 1997) with diameters between 40 and 50 nm and variable length. The particle walls were significantly thicker than in the case of CA-derived (15 versus 6 nm; Gross et al., 1997) and CA-NC-derived (10 nm) tubes, consistent with the larger mass of the ΔMA-CA-NC-SP2 protein. Thin section EM ( Figure 4D ) and cryo-EM (data not shown) analysis of pH 6 assembly products also showed tubular and conical particles. Both cones and tubes exhibited a regular substructure and the cones appeared very similar to mature HIV-1 cores and to in vitro assembled cones previously described by Ganser et al. (1999) . The diameters of cylinders analyzed by cryo-EM ranged from 55 to 80 nm. Dimensions of conical particles were more difficult to measure, yielding an approximate length of 145 nm and an approximate width of 35 nm at the narrow end and 75 nm at the broad end.
Different ratios of tubular to spherical particles were observed when assembly was performed by dialysis against pH 7.0 buffer ( Figure 4B ) or against buffers of pH 6.5 and 7.5 (data not shown), with the relative number of spheres increasing at higher pH values. Only spheres were recovered when the protein was dialyzed against pH 8.0 ( Figure 4A ), while no ordered structures were formed at pH 9.0. Particles displayed either tubular or spherical morphology, and no particles combining tubular and spherical features were detected. This result suggests that nucleation determines the shape of the particle, and once a tube is initiated, it cannot be extended into a sphere or vice versa. It is important to note that particulate structures were first observed after dialysis for 15 min (data not shown), well before equilibrium with the buffer had been reached. Conceivably, assembly is initiated when the salt concentration in the reaction mixture drops below the threshold for nucleic acid binding. The shape of the resulting particle would then be determined by the pH of the sample at this time, which was found to be~6.8-7 when the reaction was dialyzed against pH 8 buffer.
To analyze whether the assembly phenotype of ΔMA-CA-NC-SP2 can be altered reversibly, we dialyzed the protein against pH 8 buffer containing high salt to prevent assembly. Subsequently, assembly was initiated by dialysis against pH 8 or 6 low salt buffer in the presence of nucleic acid. Again, only spheres were observed at the high pH and only tubes and cones at the low pH (data not shown). The same result was found when ΔMA-CA-NC-SP2 was predialyzed consecutively against pH 8 and 6 buffers, showing that the protein alteration that determines particle shape is completely reversible. No change in morphology was observed, on the other hand, when assembled spherical or tubular particles were exposed to lower or higher pH, respectively (data not shown).
The assembly phenotype of ΔMA-CA-NC-SP2 is determined by conformational differences The pH-dependent change in morphology of in vitro assembly products suggests that ΔMA-CA-NC-SP2 may have at least two distinct conformations. To determine conformational differences at the molecular level, we analyzed the pH-dependent binding of the protein to HIV-1 CA-specific mAbs. Immune complexes were formed at the respective pH in solution and subsequently captured by polyclonal antiserum against CA and detected with anti-mouse antibodies. Using a panel of CA-specific mAbs, we observed significant pH-dependent differences in binding for antibodies 2.4E6 and 1.5G10, both of which recognized the protein at pH 8 ( Figure 5B ), but not at pH 6 (Figure 5A ), while antibody 3.1B5 was reactive under both conditions. This pH-dependent conformational change was completely reversible, and no reactivity was observed when the protein was first titrated to pH 8 and then back to pH 6 ( Figure 5C ).
For a more precise determination of the pH inducing the conformational transition, we analyzed the binding of ΔMA-CA-NC-SP2 to mAbs 2.4E6 and 1.5G10 between pH 6 and 8. As shown in Figure 5D , virtually no reactivity was found up to pH 6.8, while efficient binding was seen at pH 7.2. The binding sites of both antibodies detecting conformational differences could be determined using a set of overlapping peptides: antibody 2.4E6 mapped to residues 49-61 and antibody 1.5G10 to residues 109-120 of HIV-1 CA. We hypothesized that antibody binding to the specific peptide epitope, in contrast to binding of the folded protein, might not be pH sensitive. The titration curves shown in Figure 5E (2.4E6) and F (1.5G10) clearly demonstrate pH-independent binding of the respective peptide, indicating that the affinity of the antibody for its epitope is not affected by pH.
Far-UV CD spectra of ΔMA-CA-NC-SP2 recorded at pH 6 and 8 were generally very similar and displayed characteristics of a protein with large α-helical content (data not shown). This result indicates that no major structural rearrangements took place when the pH was altered. At pH 8, a small shift of residual ellipticity to Fig. 4 . Analysis of pH-dependent in vitro assembly of ΔMA-CA-NC-SP2. Assembly was performed as described in Figure 2 , but samples were dialyzed against buffer of either pH 8.0 (A), pH 7.0 (B) or pH 6.0 (C and D). Assembly products were concentrated by brief centrifugation and analyzed by negative stain (A-C) or ultrathin section EM (D). The asterisk denotes a cone-shaped particle. Bar, 100 nm. higher values was observed, which might be due to a slight loss in helicity of the protein.
Deletion of spacer peptide 1 prevents assembly of spherical particles in vitro and inside E.coli cells
The experiments described above showed that ΔMA-CA-NC-SP2 assembles in vitro in a conformation-dependent manner into either spheres or tubes and cones, resembling the immature or mature HIV-1 capsid shells, respectively. In contrast, ΔMA-CA and other N-terminally extended versions of CA had previously been shown to form heterogeneous spheres, significantly smaller than authentic immature capsids (Gross et al., 1998; von Schwedler et al., 1998) . To test the relative influence of the nucleic acid binding NC domain and of the two spacer peptides on the assembly phenotype, we constructed expression vectors pET ΔMA-CA-NC and pET ΔMA-CA-NC(ΔSP1), encoding Gag-derived proteins lacking SP2 or both spacer peptides, respectively ( Figure 6 ). Both proteins were purified to near homogeneity ( Figure 6 , right panels), dialyzed against either pH 8 or 6 buffer in the presence of nucleic acid, and analyzed by negative stain EM. The result for ΔMA-CA-NC was the same as for ΔMA-CA-NC-SP2; regular spherical particles with a narrow size distribution were recovered at the high pH ( Figure 6A ), while long tubular and conical particles were formed at pH 6 ( Figure 6B ). In contrast, in vitro assembly of ΔMA-CA-NC(ΔSP1) did not yield any spherical particles, independent of the pH of the reaction. Short and heterogeneous particles were observed when dialysis was performed either against pH 8 ( Figure 6C ) or pH 6 buffer ( Figure 6D ). Some cones and short tubes, resembling the particles observed for ΔMA-CA-NC at the lower pH ( Figure 6B ), were also found for ΔMA-CA-NC(ΔSP1). However, particle shape was generally significantly more heterogeneous in this case.
Previous studies had shown that some Gag-derived proteins can form particles resembling their respective in vitro assembly products inside bacterial cells (Klikova et al., 1995; Campbell and Vogt, 1997; Gross et al., 1998) . We therefore analyzed the capacity of ΔMA-CA-NC and ΔMA-CA-NC(ΔSP1) to form ordered structures in vivo by thin section EM analysis of induced E.coli cells. These experiments showed that ΔMA-CA-NC formed homogeneous spherical particles of~100 nm diameter in E.coli ( Figure 7A ), while ΔMA-CA-NC(ΔSP1) formed exclusively long helically arranged tubes ( Figure 7B ). In contrast to the in vitro assembly experiments, there was no difference in the morphology of cylinders derived from CA-NC or ΔMA-CA-NC(ΔSP1), but less particles were observed in the latter case. Immunoblot analysis of induced bacteria revealed that all proteins had the expected size (data not shown), confirming that the assembly phenotype was not due to proteolytic removal of domains. Taken together, these results suggest that SP1 is required for assembly of homogeneous spherical particles in vitro and in E.coli cells. Smaller heterogeneous spheres had been found when ΔMA-CA (Gross et al., 1998) or ΔMA-CA-SP1 (data not shown) were used for in vitro assembly, but not in E.coli, indicating that the NC domain and its interaction with nucleic acid are also important for regular sphere assembly.
Discussion
We have developed a system that allows the formation of spherical as well as tubular and conical particles from the same HIV-1 Gag-derived protein in vitro. Negative stain and thin section EM confirmed that the particles closely resemble immature and mature HIV-1 cores, respectively. In vitro assembly of Gag-derived particles with morphological likeness to immature retroviruses has been described for Rous sarcoma virus (Campbell and Vogt, 1997) and Mason Pfizer monkey virus (Klikova et al., 1995) , but HIV-1 Gag-derived proteins yielded only spheres that were significantly smaller than authentic immature cores and often heterogeneous in size (Gross et al., 1998; von Schwedler et al., 1998; Campbell and Rein, 1999) . As we show here using cryo-EM analysis, spherical particles generated from ΔMA-CA-NC-SP2 are not only similar to the immature virion in size and shape, but display a virtually identical inner organization.
The particles are formed from purified protein and oligodeoxynucleotides alone, demonstrating that cellular factors or other viral proteins are not required. Previously, we had shown that deletion of amino acids 16-99 within MA did not alter the morphology of virions produced in tissue culture (Fäcke et al., 1993) . The analogous result is observed in vitro. The presence of this region even seems to inhibit important interactions in vitro, since a Gag-derived protein containing the complete MA domain formed only small spherical particles with a diameter of 25-30 nm in vitro (Campbell and Rein, 1999) . In infected cells, interactions with cellular proteins or membranes may influence the assembly potential of HIV-1 Gag. Accordingly, addition of reticulocyte lysate altered the size distribution of particles formed from wild-type MA-CA-NC in vitro (Campbell and Rein, 1999) . HIV-1 MA has been shown to bind to several cellular proteins (Lama and Trono, 1998; Cimarelli and Luban, 1999; Peytavi et al., 1999) , but the relevance of these MA-interacting proteins for HIV-1 assembly and maturation remains unclear. Besides the MA globular domain, ΔMA-CA-NC lacks the p6 domain of the Gag precursor. The finding that this protein assembles into properly sized spherical particles in vitro argues against the suggested role for p6 in controlling particle size (Garnier et al., 1998) . This discrepancy may be due to cellular factors binding to p6 during virion budding, which does not occur in the in vitro system. Assembly experiments at different buffer conditions showed that the same protein is capable of forming either spherical or tubular and conical particles in vitro, depending on the pH of the reaction. Originally, it had been assumed that any N-terminal extension of HIV-1 CA would abolish tube formation, and it was proposed that the proteolytic liberation of Pro1 of CA followed by the formation of a salt bridge between Pro1 and Asp51 is a crucial conformational switch required for formation of tubular particles or mature HIV-1 cores (von Schwedler et al., 1998) . Our finding that a CA protein bearing an additional 48 residues at its N-terminus can assemble into tubes shows that there is no absolute requirement for this salt bridge in assembly but does not argue against a role for it in virion maturation.
Assembly of regular particles of different morphologies has been described for a number of icosahedral viruses. While neither immature nor mature retroviral capsids display icosahedral symmetry (Fuller et al., 1997; Yeager et al., 1998) , similar concepts of the systematic modulation of contacts between identical proteins must apply. Formation of particles of alternate shape can occur by using a subset of the interactions observed in the wild-type virion (Erickson et al., 1985) . Alternatively, rearrangement of a localized portion of the structure against the background of an unchanging core may occur as in the case of cowpea chlorotic mottle virus and polyomaviruses, which form icosahedral particles of different size as well as long tubes (Bancroft, 1970; Salunke et al., 1986) .
Our results identify two regions within the HIV-1 Gag polyprotein, which play a role in a conformational transition associated with assembly of tubes or spheres: the SP1 region downstream of CA (see below) and two helices in the N-terminal segment of CA. The latter region was identified by changes in the affinity of two mAbs to the Gag-derived protein, which occurred over the same pH range as the 'morphological switch'. Since the epitopes recognized by these mAbs have been mapped, we can localize regions of conformational alterations to amino acids 49-61 and 109-120 in CA, corresponding to helix 3 and helix 6 in the three-dimensional structure of the CA N-terminal domain (Gamble et al., 1996; Gitti et al., 1996) . The conformational change either involves the epitopes themselves or shifts of neighboring structural elements render the epitope inaccessible, but no major structural rearrangements were observed. Recently, the structure of the CA N-terminal domain extended at its N-terminus by 4 amino acids has been determined by NMR analysis. The major difference in this structure compared with the N-terminal CA domain alone is a very significant shift of the position of helix 6. Helix 3 appears to be in a slightly different position as well and its packing is clearly different, because the salt bridge of Pro1 with Asp51 is not formed leading to a different interaction of helix 3 with the N-terminal β-hairpin (W.Sundquist, personal communication).
The conformational change occurs around pH 7, indicating that both conformers are presumably in equilibrium at close to physiological conditions. In E.coli, the protein formed only spherical particles, analogous to the Gag polyprotein in vivo and this may be explained by the intracellular pH being well above 7. Conformational transitions in vitro resulted from changing the buffer conditions, but we consider it unlikely that a pH shift plays a role in HIV maturation in vivo. Molecular events triggered by a variation in pH may mimic alterations in inter-or intramolecular interactions resulting from proteolytic cleavage between Gag domains. However, the finding that the conformational change can be induced by a pH shift suggests that one or more titratable residues are involved. Normally, histidines would be expected to be affected in the pH 6-8 range, but the structure of the CA N-terminal domain shows that no conserved His residues are part of or interact with the epitopes recognized by the mAbs. Other titratable residues should also be considered, since the local environment can greatly influence their pKa. Precedents for morphological changes around neutral pH involving acidic residues do exist in other viral systems (Johnson, 1996) . There are several highly conserved acidic residues in HIV-1 CA and two of them (E113 and D51, the latter being invariant among retroviruses and involved in the described N-terminal salt bridge) are part of the recognized epitopes. However, in the absence of structural information on larger assemblies, the influence of the local environment on these residues in the HIV-1 capsid cannot be predicted.
The SP1 deletion variant ΔMA-CA-NC(ΔSP1) assembles into heterogeneous cones and short tubes, but is no longer capable of sphere formation. Based on computational modeling it has been postulated that SP1 forms an α-helix together with the C-terminal residues of CA, which are not resolved in the crystal structure (Accola et al., 1998) . Proteolytic separation of CA and SP1 would destroy the proposed helix and allow a rearrangement of the CA C-terminus necessary for maturation. When processing between CA and SP1 is inhibited by mutagenesis at the protease cleavage site, virus particles are released but capsid condensation is inhibited and a roughly spherical CA layer separated from the virion membrane is observed without a cone-shaped capsid shell (Accola et al., 1998; Wiegers et al., 1998) . Conceivably, the presence of SP1 prevents CA from adopting its 'mature' conformation and arrests the CA layer in the position it occupied in the immature virion, even though the N-terminal MA and C-terminal NC-p6 regions have been removed. The presence of SP1, on the other hand, is essential for assembly of regular immature virions in tissue culture and deletion of SP1 or mutation of conserved residues severely affected particle formation. Instead of budding virions, large electron-dense plaques, sometimes curled up at the ends, were found underneath the plasma membrane (Kräusslich et al., 1995; Accola et al., 1998) . The interactions between Gag molecules within the protein sheets may be analogous to those between ΔMA-CA-NC molecules in the cylindrical particles. In tissue culture, the association of the MA domain with the plasma membrane might prevent a helical arrangement of Gag molecules and lead to a spreading of the protein into flat membrane-bound arrays. The data obtained in the viral context agree with the proposition of SP1 being a morphological switch region. However, the finding that a protein comprising only CA and SP1 (CAϩ14) does not assemble into spheres in vitro but forms cylinders instead (Gross et al., 1997) indicates that SP1 is not the sole determinant of particle morphology. Sequential rearrangements within the N-and C-terminal domains of CA may be important and both domains may interact with each other in the process of capsid maturation. In summary, we propose that assembly of the immature HIV-1 capsid requires a continuous assembly domain that spans the C-terminus of CA, SP1 and NC as well as N-terminal extension of CA. Two distinct switches function during maturation: cleavage between MA and CA leads to formation of the N-terminal salt bridge and consequent rearrangement of the N-terminus of CA without changing the localization of CA in the particle. Subsequent removal of SP1 triggers capsid condensation.
Materials and methods

Expression plasmids
All plasmids are derived from the prokaryotic expression vectors pET11c and pET3c (Novagen, Madison, WI), which carry a T7 expression cassette. Plasmid pET ΔMA-CA-NC-SP2 (Figure 1 ) was constructed by inserting the NdeI-SpeI fragment from pET ΔMA-CA (Gross et al., 1998) into pET HIV CA-NC (Campbell and Vogt, 1995) , which had been opened with the same enzymes. Because pET HIV CA-NC was derived from the BH10 strain of HIV-1 (Ratner et al., 1987) , this plasmid contains BH10 sequences from the SpeI site to the 3Ј end. Plasmid pET ΔMA-CA-NC, lacking SP2 sequences, was constructed by inserting the NdeI-SpeI fragment from pET ΔMA-CA into pET CA-NC (Gross et al., 1997) , which is derived from the HIV-1 strain NL4-3 (Adachi et al., 1986) . The derivative pET ΔMA-CA-NC(ΔSP1) was made by exchanging the SpeI-ApaI (nt 1507-2006 of HIV-1 strain NL4-3) fragment of this plasmid for that of pNL43-CA3 (Kräusslich et al., 1995) , thereby introducing a deletion of the 14 codons of SP1. The HIV-specific regions were verified by sequence analysis.
Expression and purification of recombinant proteins
Induction of E.coli BL21 DE3 cells was performed as described (Gross et al., 1997) . Bacterial cells were resuspended in cold lysis buffer [50 mM Tris-HCl pH 8.5, 1 mM EDTA, 5 mM dithiothreitol (DTT), 1 M LiCl] and disrupted by disintegration using glass beads and subsequent sonication. After centrifugation at 27 000 g for 10 min, proteins were precipitated from the soluble fraction by addition of ammonium sulfate to 25% saturation, redissolved in buffer containing 50 mM Tris-HCl pH 8.3, 0.5 M NaCl, 1 mM EDTA and 1 mM DTT and nucleic acids were removed by anion exchange chromatography using a POROS HQ 20/M anion exchange column (PerSeptive Biosystems) equilibrated with the same buffer. Proteins were collected from the unbound material by ammonium sulfate precipitation and redissolved in a buffer containing 50 mM 2-(N-morpholino) ethane sulfonic acid (MES) pH 6.0, 0.5 M NaCl, 1 mM EDTA and 1 mM DTT. After dilution to a salt concentration of 200 mM NaCl, the material was further purified on a POROS SP 20/M cation exchange column. Purified proteins were collected by ammonium sulfate precipitation, redissolved to a concentration of 3-10 mg/ml in 30 mM MES pH 6.0, 1 mM EDTA, 1 mM DTT, 0.5 M NaCl and stored at -70°C.
Virus-like particles were produced using the recombinant baculovirus AcNPVgag12myr (Royer et al., 1991) in Sf21 insect cells. Particles were harvested from the cell culture medium and collected by ultracentrifugation through a cushion of 20% (w/w) sucrose.
Analysis of expression products
Protein samples were separated on 17.5% SDS-polyacrylamide gels (ratio 200:1 of acrylamide to N,N-methylenebisacrylamide) and stained with Coomassie Blue. Protein concentration was determined according to Gill and von Hippel (1989) .
In vitro assembly
Protein stock solutions were diluted to the appropriate concentration (2 mg/ ml unless stated otherwise) with storage buffer (30 mM MES pH 6.0, 1 mM EDTA, 1 mM DTT, 0.5 M NaCl) and dialyzed for 2 h at 4°C against the assembly buffer indicated (50 mM Tris-HCl pH 8.0, 7.5 or 7.0 or 50 mM MES pH 6.0 or 6.5, always containing 0.1 M NaCl, 1 mM EDTA and 1 mM DTT) in the presence of nucleic acid (total E.coli RNA, bacteriophage MS2 RNA, single-stranded M13-DNA or single-stranded DNA oligonucleotides). Oligodeoxynucleotides were between 12 and 92 bases in length and had been originally made for various cloning projects. Sequences of oligodeoxynucleotides are available upon request. The concentration of nucleic acid was 5% (by weight) of protein unless stated otherwise.
Electron microscopy analysis
For negative staining of in vitro assembly products, 5 μl samples of dialyzed protein solutions or of the resuspended pellet after concentration in the microcentrifuge were applied on parafilm and covered with a UV-irradiated Formvar/carbon-coated grid (mesh size 200) for 5 min. Subsequently, the grid was applied to a drop of uranyl acetate for 5 min. Excess stain was blotted off with filter paper, and the grid was air dried and analyzed using a Philips CM 120 transmission electron microscope at 80 kV.
For ultrathin section EM analysis of in vitro assembly products, particles were concentrated by centrifugation for 5 min in the microcentrifuge, and the concentrated suspension was drawn into cellulose capillary tubes by capillary action as described (Hohenberg et al., 1994) . Subsequently, assembly products were fixed within the capillaries for 20 min with 2.5% glutaraldehyde in phosphate-buffered saline (PBS), post-fixed for 30 min with 1% OsO 4 in PBS, washed with water, stained for 30 min in 1% uranyl acetate in water and dehydrated in a graded series of ethanol. Capillary tubes were embedded in ERL resin for ultramicrotomy. Sections were counterstained with 2% uranyl acetate and lead citrate.
For EM analysis of induced E.coli, bacteria were collected by brief centrifugation, fixed in 4% paraformaldehyde and 2% glutaraldehyde in PBS for 5 min on ice, washed with PBS and collected by brief centrifugation. Subsequently, the wet bacterial paste was drawn into capillary tubes and bacterial cells were post-fixed, and further processed within the capillaries as described above.
Cryo-electron microscopy
In vitro assembly products were collected by 5 min centrifugation, resuspended in 1/4 of the original volume, and 4 μl were applied to holey carbon films on copper grids at room temperature. Then, in order to lower the salt concentration of the specimen, grids were placed on drops of distilled water for~20 s with the sample side pointing up. Excess water was blotted off with filter paper and the specimen was vitrified by plunging the grid into liquid ethane, which was cooled by liquid nitrogen. The specimen was loaded in a Gatan 656 cryoholder cooled by liquid nitrogen to -180°C. Images were recorded on a Philips CM200 with a field emission gun operated at 200 kV. Low dose conditions (5-10 e -/Å 2 ) were used at a magnification of 38 000 and a defocus of approximately -1.5 μm. Images were digitized with a Zeiss SCAI scanner at a raster of 14 μm resulting in a nominal sampling of 3.62 Å per pixel.
Preparation of monoclonal antibodies and ELISA
Preparation of mAbs will be described elsewhere. Briefly, mice were immunized with purified ΔMA-CA protein and spleen cells were fused to Sp2/0 (1.5G10, 3.1B5) or NS-1 myeloma cells (2.4E6) using standard protocols. Hybridomas were screened against purified HIV-1 CA protein and against delipidated Gag particles. Epitope mapping was performed by ELISA using a set of overlapping 24mer peptides corresponding to the entire CA sequence (Haist et al., 1992) . For antibody production, cells were either propagated in stationary cultures or in minifermenters (MiniPerm, InVitro Systems, Hanau, Germany) .
A panel of 12 CA-reactive mAbs was analyzed by ELISA for binding of ΔMA-CA-NC-SP2. Protein (2 μg/ml) or peptide (4 μg/ml) antigen was incubated overnight with hybridoma culture supernatant serially diluted either in 30 mM MES pH 6.0, 0.1 M NaCl, or in 30 mM Tris-HCl pH 8.0, 0.1 M NaCl in a standard microtiter plate. The mixture was then transferred to a second plate (MaxiSorb, Nunc, Germany) that had been coated with polyclonal rabbit-anti HIV-1 CA (1 μg/ml) and blocked with 10% newborn calf serum. Incubation with the antigen-antibody mixture was for 3 h at room temperature, bound mouse antibodies were detected by incubation with peroxidase-conjugated anti-mouse immunoglobulins (Jackson Laboratories) for 1 h at 37°C. Color was developed in sodium citrate buffer at pH 5 using 1,2-phenylenediamine as chromogen. All wash steps were performed using buffers of the appropriate pH containing 0.05% Tween-20. For a more precise determination of the pH effect, ELISA experiments were performed as described above using the following buffers: 30 mM MES at pH 6.0, 6.4 or 6.8; 30 mM Tris-HCl at pH 7.3, 7.7 and 8.0. All buffers contained 0.1 M NaCl. Wash steps were performed using the same buffer containing 0.05% Tween-20.
